A DiffServ-MPLS solution offering real-time end-to-end guarantees by Martin, Steven et al.
A DiffServ-MPLS solution offering real-time end-to-end
guarantees
Steven Martin, Pascale Minet, Laurent George
To cite this version:
Steven Martin, Pascale Minet, Laurent George. A DiffServ-MPLS solution offering real-time
end-to-end guarantees. [Research Report] RR-4831, INRIA. 2003. <inria-00071755>
HAL Id: inria-00071755
https://hal.inria.fr/inria-00071755
Submitted on 23 May 2006
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de





























ap por t  

de  r ech er ch e 
THÈME 1
INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE
A DiffServ-MPLS solution
offering real-time end-to-end guarantees
Steven MARTIN — Pascale MINET — Laurent GEORGE
N° 4831
Mai 2003
Unité de recherche INRIA Rocquencourt
Domaine de Voluceau, Rocquencourt, BP 105, 78153 Le Chesnay Cedex (France)













































































ï ¡ ó  # ï  
µ«m ÓN«Ô^¼­k]{s¬%J|++k-³ µ"µ"µcµ"µcµ"µcµ"µ"µ0µ"µcµ"µcµ"µ"µcµ"µcµ"µ0µ"µcµ"µ"µcµ"µcµ"µcµ"µ"µ0µ"µ 
µ  ¼hk]+u³«§ljl|­k-³ﬁµ"µcµ"µcµ"µcµ"µ"µ0µ"µcµ"µcµ"µ"µcµ"µcµ"µ0µ"µcµ"µ"µcµ"µcµ"µcµ"µ"µ0µ"µ 
µ  Hkﬃwy©ª|9{	jl|­k-³¾µ"µ"µcµ"µcµ"µcµ"µ"µ0µ"µcµ"µcµ"µ"µcµ"µcµ"µ0µ"µcµ"µ"µcµ"µcµ"µcµ"µ"µ0µ"µ 
µ  g{t£íÏ0j|++k]³@µcµ"µ"µcµ"µcµ"µcµ"µ"µ0µ"µcµ"µcµ"µ"µcµ"µcµ"µ0µ"µcµ"µ"µcµ"µcµ"µcµ"µ"µ0µ"µ 


²ï #°¢+  ï ô òó ¡ ﬀ
µ«m öÐ­¯Tws|Ł¯±k-²{*k]rsP|9rskHw*«jlk µcµ"µ"µ0µ"µcµ"µcµ"µ"µcµ"µcµ"µ0µ"µcµ"µ"µcµ"µcµ"µcµ"µ"µ0µ"µ 
µ  öLv­Pk]´w*k]J÷|{s©tŁ{+§2-³§trsr µ"µ"µ0µ"µcµ"µcµ"µ"µcµ"µcµ"µ0µ"µcµ"µ"µcµ"µcµ"µcµ"µ"µ0µ"µ ﬁ
µ  `zÐõ¼%tŁ%ÓN«Ô^¼­k]{s¬»µcµ"µcµ"µcµ"µ"µ0µ"µcµ"µcµ"µ"µcµ"µcµ"µ0µ"µcµ"µ"µcµ"µcµ"µcµ"µ"µ0µ"µ.mR
ﬃﬂ



























µ  %e|rws«wsuk]wDtŁ{sw*r|Ł¸wshk"k]­¯Tws|9¯Tk] {*k]rsP|9rsk0ws§jk µ0µ"µcµ"µ"µcµ"µcµ"µcµ"µ"µ0µ"µ.mR




µ µ  öZv­wsk-r§|9 µ"µcµ"µcµ"µcµ"µ"µ0µ"µcµ"µcµ"µ"µcµ"µcµ"µ0µ"µcµ"µ"µcµ"µcµ"µcµ"µ"µ0µ"µ.m£
µ µ  '0k-k]{*t9³«)(]tŁws§|9µcµ"µcµ"µ"µ0µ"µcµ"µcµ"µ"µcµ"µcµ"µ0µ"µcµ"µ"µcµ"µcµ"µcµ"µ"µ0µ"µm














µ  ghkﬁr|9}y|9u{*Ïw*«jlkﬁﬃ|+«ws§|9 µ"µ"µ0µ"µcµ"µcµ"µ"µcµ"µcµ"µ0µ"µcµ"µ"µcµ"µcµ"µcµ"µ"µ0µ"µ9

































ÛÆ£ÊÜÐÀŁÊsÚ£ÂÝ­Þ ß°á­âcﬃ³®t9r*rchtrNÒPk-k]U{s||<rkRJ¸¹|{ﬁtŁ³§®-t£w*«|r0{sk <u«{*§²³§|£©>k]­¯Tws|Ł¯±k- t 9k-w
k-³®t7x9¨³§|£© k-³®t7xﬁ}y«wwsk]{Nt9%³«|£© t9 kﬃw)³§|r*rﬁß¹kµ µe¬|9®ﬃk"tŁ»¬­®+k-|Ït9³§§]t£w*«|rªwshtŁwNtŁ{*kﬁ+k]³§t7x
t9}y´wswsk-{Nrk]r«ws§¬9k7â¨­w*hká²ﬃ³®t9r*reÒPk-§lw*hk"h§9hkRryw){*«|{s«wyx -³§trsr]µ
¦ lt9´w*«|Ñ¨ ¦ <wsk-{*k-wL¼+k-{*¬<®ﬃkezL{*|£¬<®+k]{*rk-kRﬁw*{*tŁíÏLk-9§k-k]{s§Dw*|c|9+w*«jl)(-kewshku+w*«³§ (Rt£w*«|
|9¸ek-wy©e|{-»{*k]rs|9u{ﬃkRrNt9 ws|»«jl{*|£¬9kPk-{s¸¹|9{*jlt9ﬃk|Ł¸ªh§9h³§x`+k-j	t9+§%ws{t£íÏ-r]µÏèJ¿+ÁÃÄTÂ«éªÊsÆŁå
ÄFÆRÌ*ÆŁÁZêÀ9ëÉ-ÁªÈÜZÂÄFÌ*ì+ÂÝ<Þ ßTHÕ­Ö-âhtrÒPk-k]à§w*{s|++uﬃk]aws|#«jl{*|£¬9kÏ{*|9uws§ Pk-{s¸¹|9{*j	tŁ-k9µ·gh§r

























































|£© ÒPk-³§|9« w*|²w*hk á ﬃ³®t9r*rN©)§³§³L|Łw"k-v+-k-kR ß¹{*k]rsÑµ5â¨5©)hk-{*k









Ïwshk0ÓH«Ô^¼+k-{*¬lt9{*h´w*k]w*u{*k  ±¨<ws{t£íÏ)®rÐ+®rws{*«Òuwsk]Ï|£¬9k-{etﬁrj	t9³«³P­ujÒPk-{e|Ł¸5ﬃ³®t9r*rsk]r]µ5zZt9 kﬃw*r
]tŁ{*{sx%w*hkÏﬃ|++kl|Ł¸ªwshk-§{ﬁﬃ³®t9r*r-µlgh®r"ﬃ|++k	®r0wshk]#urkR §Uk]t9h#ÓH«ÔÑ¼­k-{*¬<¯±-|9jl³§§t9w"{*|9u+w*k-{0ws|


































¶ hk-Jtt9 kﬃw)k-<wsk]{*rªw*hk"|++k"r*hk]+u³«k]{]¨+«wD§rHrshkR+u³§k]²©)´w*h%wshk"|9wshk]{)t9 kﬃw*r|9¸«w*rD-³§trsr
©tŁ«ws§	¸¹|{H{*|+ﬃkRrsrs«µD¶#k2-|9rs§k-{Dw*ht£wNwshklr*hk]+u³«§Ï|9¸Zwshk	á%ﬃ³®t9r*rD®r0á­á<ZµcJ|9{*k-|£¬k-{R¨
©ªklt9r*rujlk2wshtŁw"t9 kﬃw"rshkR+u³§«²®r0|9+¯±{*k-k]jws§¬9k9µghk-{*kﬃ¸¹|{sk¨Pwshkl|++k	r*hk]+u³«k]{0©tŁ«w*r














































































































































































































wshk0jl««j2uj «<wsk]{*t9{s{*§¬7t9³+ws§jlkNt9lwshkHj	t£v+§juj {*k-³§k]t9rsk'}y«wwsk]{]¨^ß°rk]kNrsk]w*«|²+µ <âﬃµgh§r
jl|­k-³Ñ®rt£w*u{tŁ³ÑtŁ²©ªk-³§³Ñt9tŁ+w*k] ¸¹|9{){*k]tŁ³«¯Tws§jk"t9³§§]t£ws§|9r-µ
*
ghkﬁw*| k-JÒu kﬃw  ﬁ¨m]+¨m]®rH+k $kRJÒ­x wy©ª|Ït9{*t9jk-wsk]{*r]Î '¨PwshkÒu kﬃwNrs)(-k9¨:tŁ¨





ﬃ³®t9r*r-µ ¦  w*hk ${ryw"-trk¨^´wﬁ{*k<u§{*k]rHws|»j	tŁ§wtŁ§ Pk-{
ç
|£©@«¸¹|9{*jltŁws§|9·|9 k]¬9k]{sxJ¬­®r«wskR




¶ ´w*h»wsh®rDjl|++k]³°¨t9{s®rsk]rªwshkﬁ{*|9Ò³§k-j |9¸ $v­§lw*hkﬁ9|­|+²¬7t9³«uk]r)|9¸w*hk]rsk"tŁ{tŁjlk-wsk-{re¸¹|9{
tﬁ«¬k- t9³§§]t£ws§|95µ &Nrªrsh|£©)Ï§ §m]Ñt9þŁ±¨­wshkNk-+¯°w*|Ł¯±k-	{*k]rsP|9rskDw*«jlk]rªrws{*|9³«x





|Ł¸Lw*hk2ws| k-`Òu 9k-w0rsh|9u³®JÒPk2{*k]-|9jlu+w*k]J|`k-¬k-{*x²|­kw*| {*k-j	tŁ§`|9ws§jlt9³°µ"gh®rN§r
|ŁwDk-k]{*t9³«³§xÏ+|k9µ












wshk]{s©)®rskw*hk	r|³«u+w*«| ©ª|9u³®·|ŁwcÒkÏr*-t9³§t9Ò³§k9µ  
rsh|£©Drwsht£wZwshk)©e|{*rw']t9rskªk-³®t7x)}y´wswsk]{Z¸¹|9{'w*hkHácw*{*tŁíÏª]tŁÒk)³®tŁ{*9kª§l]t9rske|9¸P³®tŁ{*9kªk-wy©e|{-+r]µ
ghkNurskD|Ł¸:wshkNá­á rshkR+u³§«ﬁtŁ³§9|9{*«wshj ¸¹|9{Ð{s§|9{*´wyxws{t£íÏ§ tckﬃwy©ª|9{Òt9rsk]l|9lw*{*tŁíÏ
t99{sk]t£w*«|	ß¹k9µ µ'tŁ³§³
ç
|£©Dr«wshkDáﬁﬃ³®t9r*rrsht9{skªtNrs«9³§ká­á <uk]ukRâhtrÒk]k-l+§r*ﬃursrsk]"§   Tµ
Hk-¬k-{swshk]³«kRrsr]¨9w*hk0¸¹|9u +k]³§t7x	ÒP|9uÏ®re¬£t9³«® |³§xl¸¹|9{ª{skRt9rs|9t9Ò³«xlrsjlt9³«³Ñálws{t£íÏHuws§³«)(]tŁws§|9Ñµ
¦

















ÒPkﬃwy©ªk-k]»wy©e| k-+P|9§<w*r]¨PNÕ<Ö+|­k]r]µ)õ5t9Òk]³rs©)´wh§lwskRh uk]rD©)«wsh kﬃv+³§§-´w0{s|u+ws§Ï-t9t£¯




&ªwck]th Õ<Ö]UtŁ³§|9²tŁ·Õ­Ö-^¨:t t9 kﬃwH®rH¸¹|9{*©ªt9{*+kR²ws|Ïw*hkkﬃv­wNh|9`ÒtrkRJ|9 ´wrH³®tŁÒPk-³Tµ &
rs|9³§u+w*«|J¸¹|9{cru|{w*«ÏwshkÓN´ÔÑ¼­k]{s¬ ªk-ht7¬<§|9{0&D9{sk]tŁwsk]rH|£¬9k]{Ht%NÕ­Ö"k-wy©e|{-%®r0rsPk]ﬃ $kR
§ «m£ ±µ ¦ +k]k]^¨wshkÏŁ¯TÒ´w2×ZØﬃÙÉﬃÊÂ	ÉﬃÝÄ±ÀŁÁ"ß¹öZv+â $k-³®#]tŁ#k--|++k9¨«<ws|»w*hk	³®tŁÒPk-³LhkRt9+k]{]¨5wshk
ãÂ äHÉ-ÊsÉ-ÝÄTÂÍÀ£ÄFÉ*Ú È^ÉﬃÊËRÂÍÌÉæLÆRÚ9ÉéDÆ£ÂÝÄ2ß ÖRPâH©)h§hJ®rNurkRJ§`k]th`ÓH«Ô^¼+k-{*¬¯Fﬃ|jl³«®tŁ<wH{*|9uwsk-{




























































































'^ ª(ﬁ5 )!²/Ï+0)!%/ 
)(ﬀ*+-,&.(ﬁ!%(ﬁﬀ	5ﬃ
¦ ²wsh§r)©ª|9{rw]t9rsk0t9tŁ³§x+r®r-¨­©ªk"t9r*rujlk0wsht£w)ws§jlkc§rD§r*ﬃ{*kﬃw*k9µ   rh|£©DrÐw*ht£wD{*k]rsu³«w*rª|9Òw*tŁ§kR
©)«wsh t +®r*ﬃ{*kﬃwsk%rshk]+u³§§·t9{sk trk-k]{*t9³etrﬁw*h|rsk |Ò+w*t9«kRa©)«wsht·ﬃ|w*«­u|urrshkR+u³§«
©)hk- t9³«³
ç














































































ßÍ{skRr5µ" ﬂ $ &











































































































 	 ﬁﬂ @-    ﬃB   @ ﬂﬃﬂ 





































&Nrkﬃw*t9«³§k]« rkRws§|9àµ ¨Zt9 kﬃw2r*hkR+u³§«·§r2|+¯T{sk]k-jl+ws§¬9kµ Hk--k9¨L©)htŁwsk]¬9k-{wshk
r*hkR+u³§«Ït9³«|9{*´w*hj §»wshká%ﬃ³®t9r*rDt9J+k]rs«wsk"w*hkh«hk]rwH{*«|{s«wyxÏ|9¸w*h®rN-³§trsr]¨t	t 9k-w
¸¹{*|9j t9|Łw*hk-{"ﬃ³®t9r*rß¹Tµ kµ (kRryws¯F<Ô:|9{swc|9{ +5á»ﬃ³®t9r*râD-t9 §<wsk-{s¸¹k-{*k©)´w*h#á
ç
|£©DrH{*|+ﬃkRrsrs«²+uk







áJt 9kﬃwrcj	t7x tŁ{*{s§¬9k§·w*hk	|++kl©)h§³«k §r"©tŁ«ws§%¸¹|9{"{s|+ﬃkRrsrs§#ß°+uklw*|'$2®âµ
¦
¸ªwshk-x




























Ù:ÊsÆRÌ*ÉﬃææÂÝ<Þ Ä°Â	É2ÀŁÄeÝ:Æ]ÚÉ #ÆyÇÀŁÝÅ0ÙÀ9Ì+*9É-Ä)ÆyÇﬃ()Æ£Ü Ý:Æ£Äë*É-Á«ÆŁÝ<Þ9ÂÝ<Þ²Ä±ÆÏÄìÉláUÌﬃÁ«À£ææ ,
éÊsÆ]ÆÇ* õÑk-w'urrsh|£©Uw*ht£w'´¸  §r'+k]³§t7xk]ﬁ|tŁ­x"|++k.#2|Ł¸³§§k·Ò­xﬁtNt9 kﬃw ,2­|9wÒPk-³§|9«





+k-kR^¨Ò­x -|9<ws{t9+®w*«|Ñ¨­´¸  tŁ{*{*«¬k]re|9²wshkc|++k"ÒPkﬃ¸¹|{skc|9{)tŁwªw*hkﬁr*tŁjlkHw*«jlk
tr-,2°¨w*hk-#t9r%.Òk]³«|rDws|²wshk	á»ﬃ³®t9r*r0tŁ»w*h®r0-³§trsrHht9rHwshk2h§9hk]rwN{*«|{s«wyx9¨ .©)«³§³'Òk





























t9 9k-w*rZÒPk-³§|99§cws|wshkNá2-³§trsretŁ¸¹|³«³§|£©)§ﬁt"³§«k% 2©)´w*h 2  	+µ ¦ ¸Ñ©ªkH+k-|Łwsk
 


































   )	  -ﬂ  ﬂﬃﬂ 

   .? ﬂ%?    -@ B ﬂ @   	 
¦ `wsh®rNrsk]ﬃws§|9Ñ¨©ekrh|£© h|£© w*|²ﬃ|jlu+wskwshk2©e|{*rwH-trkk-­¯Tws|9¯Tk]J+k]³§t7x²¸¹|9{0tŁ á%t 9k-w
 trl´w	w*{*t7¬k-{rkRrﬁw*hk`ÓN´ÔÑ¼­k-{*¬|9j	tŁ§Ñµ ghk`rws{t£wsk]9xa®rlws|Ujl|£¬9k»Òt ­©ªt9{*rwsh{s|u9hwshk
































































































§²©)h§h$ §rª{*|+ﬃkRrsrsk] |9 |­k 	2tŁ ©ek"+k $kﬃ%2 	 5
tr)w*hk ${*rwcá%t9 9k-w]µ
¦
¸Ðt9 kﬃwrD|9wNÒPk-³§|9« ws| wshk	á»ﬃ³®t9r*rHt9{sk{s|+-k]r*rkR»«ﬂﬁ
$
ÒPkﬃ¸¹|{sk
#¨ %2 	 5)®r)w*hk${*rw0á²t 9kﬃw0t£¸wsk]{Dw*hk³®t9rwH|Ł¸'w*h|rskﬁt 9kﬃwr-µ
¦
¸L|%ruhJt9 kﬃwDkﬃv+®rywr-¨ %2 	 5
®r)+k $k]»trªwshk ${rwt9 9k-w)|Ł¸!"ﬁ
$
µ

































¨+t9 9k-w %2 # 5ªt9{s{*«¬k]rª|9²|++k$#%|9kNw*«jlkcu«wHt£¸w*k-{
w*hk»Òk]9§§U|Ł¸"ﬁ
!





















t9 9k-wÐ{*k]-k]+§ ßÍ{skRrÑµ'rsu--k-k]«­â1,2Íµ ªxlt9+§2tŁ{sw*rÐ|Ł¸^wshkNﬃ|rs§+k]{skRlÒursx2Pk-{*§|­r-¨<©ek















































wshk"{s|+ﬃkRrsrs§w*«jlk"|%|­k 	2|Ł¸t9 kﬃwr'%2 	 5ews| #µ
































































































j2uj +k-³®t7x +ukﬁws| á²t 9kﬃwr)tŁ%§ﬃu{s{*k]%Ò­x #µÐ¶#k+k]|Łw*kﬀ w*hkﬁr³§|£©ªk]rwD|++k"|Ł¸Z³§«k
NµLght£w)®r¸¹|9{Dt9­x
ç



























































































































































































































































































































































































































































































































! ó ¡£] ¤¢ ï`ï

ô ñ   óñï

ô ¡ ï  Ðó






































¡ óÐï ¡7  ð







































































w*|Ł¯±k-U{*k]rsP|9rsklws§jlkÏ|Ł¸Ht9<x·t9 kﬃw  |Ł¸ 

¨©ªk t+|9+wwshk%rst9jkÏrws{t£w*k-x·t9rﬁwshk |9kÏurkR






¸¹|³«³§|£©)§l³«§k  25©)«wsh' 2 	  t9, 2
 
 	k-¬k-{D¬­®r«w*rHt	|++kﬁ|9¸³§«k  t£¸w*k-{Nht7¬­«l³§kﬃ¸w
³§§k ßÍ¸yµet9r*rujl+w*«|·m7âµ
¦












	  À£Ý:Ú 
2





 æ¿Ìì·ÄìÀ£Ä/ﬁJËRÂ®æÂÄ°æ # 2'	 #
 
Â lÉÚŁÂÍÀ£ÄFÉﬃÁÃÅ`ÀÇÄ±É-Ê #  )Ä¹ìÉ-Ý ﬁ`ÝPÉ-Ë7É-Ê


































































w*´¸¹x­§»{*k]ﬃkR+§²t9 9k-w*rctŁ`Òursx`Pk-{*«|+r0w*ht£w"u³«ws§j	t£w*k-³§x t£Ô:k]ﬃw0w*hkÏ+k]³§t7xJ|9¸ #¨Ñ©ekht7¬k



























 5et9rewshk ${rw)á	t9 kﬃwe{s|+ﬃkRrsrsk] Òk-wy©ek]k- %2 	
,















urkRÏw*|Ïﬃ|9jluwsk0wshk"k]­¯Tws|9¯Tk] {*k]rsP|9rsk0ws§jk"|9¸t 9k-w ß°¸yµ $9u{*kc<âµ
÷§9u{*kcÎLo)kRrP|9rk0ws§jlk"|Ł¸t9 kﬃw 
















































































































































|£©  ﬁ rsuhlw*ht£w # 	    ﬁ+ ﬁ ¨9w*hk-ﬃﬁ2 #
,
















¦ »|Łw*hk-{)©ª|9{r]¨­´¸ ﬁ2 #
,

5	 %2 # 5ﬃ¨+wshk]%wshk]{skckﬃv+®rywr)tŁJá
ç
|£© ﬁ ruh w*ht£w# 	   ﬁ+ ﬁ9µ































rsk]ﬃws§|9 µ µ«mµ ex#­ujÒPk-{*§·-|9rsk]-u+ws§¬9k]³«x·|9tŁ­x#|++k6#wshk%á·t 9kﬃwrﬁ{*|+ﬃkRrsrsk]Ut£¸w*k-{
%2 # 5HtŁ»ÒPkﬃ¸¹|{sk



























































































































#Ñµ2J|9{*k-|£¬k-{R¨ ﬁ2 # 5N®rNwshkl³®t9rw0t 9k-w0ﬃ|rs§+k]{skR
§ ﬂﬁ
!














































































































































|£©ﬁ ﬁ ¬­§rs«ws§ t£wD³§k]trywD|k"|++kﬁ¬­®r«wskR%Ò<x 

]tŁJ+k]³§t7x
w*hk0kﬃv+k]-u+ws§|9²|Ł¸ ´¸´w)tŁ{*{*«¬k]rL|Ï|++k   ﬁ+ ﬁ ¨­©)hk]{sk   ﬁ+ ﬁ +k]|Łw*k]rewshk ${rwª|++kcﬃ|jlj|
w*|





































ukﬁw*|Ïwshká­á^¯TÒt9rsk]Jr*hk]+u³«§ |9¸Zwshklá»ﬃ³®t9r*r]µN¼­|¨P«¸Zwshkkﬃv­w0|++k¬­®r«wskRJÒ­x  §r0tŁ³®rs|
w*hkﬁk-v­wN|++kﬁ¬­®r«wskR»Ò­x w*hkt 9k-wD|Ł¸' ﬁ ¨wsh®rDt 9k-wD©)«³§³t9{s{*§¬9k"t£¸w*k-{- |9»w*h§rH|++k9¨:tŁ
rs|l|9ÑµZghk]{sk-¸¹|9{*k9¨+«wD©)«³§³^|9wH+k-³®t7xÏt 9kﬃw#µ
gh­ur]¨Zwshk²t 9k-w*r2|Ł¸ﬁ²wshtŁwl]tŁk-³®t7x·w*hk%kﬃv+k]-u+ws§|9|Ł¸- tŁ{*kÏw*h|rsk²t9{s{*§¬9k]U|à|++k
















































































































































































































































































































































































































































































! ó ¡£] ¤¢ ï`ï

ô ñ   óñï

ô ¡ ï  Ðó



































































Â®æ 	É-Ä  ÄìÉﬃÝ¾Ä¹ìÉ ÜÐÆ£ÊæÄ























































¦  rsk]ﬃws§|9 ¨©ªkD©)§³«³Prk]kDh|£© ws|ﬁÒP|9u

!ﬂ


















































®rD§Jw*hkﬁ§w*k-{*¬£tŁ³ 0  ﬂ%$'& "

,




























































trcwshk jltŁv+«j2uj rs|Ł}y|u{* w*«jlkÏ§a|++k #
utŁ{tŁ<w*k-k]	ws|	tŁ­x%á
ç
|£©  ﬁ ¸¹|³«³§|£©)«  2ÍµLghk"+kRﬃ|jP|rs«ws§|9%|Ł¸5w*hkﬁ+|jlt9«%+k]t+³§«k  §




|£©  ﬁ |9ﬃ

µ &Nrﬁ³§|9 tr"w*hk utŁ{tŁ<wsk]k]Urs|Ł}y|9u{s#ws§jlk |9¸  ﬁ §r2|Łw
¬­§|9³®t£w*k]^¨5wshk	utŁ{tŁ<wsk]k]#r|9}y|9u{*·ws§jkRrﬁt9rﬁ©ek]³«³Ðtr0wshk k-­¯Tws|9¯Tk]·{skRrP|9rsklws§jlk	|Ł¸DtŁ­xUá
ç

























 ! ﬂ ! ﬂ/ 

ﬂ    - ﬂ 
















ÝPÉÌÉææ-À£ÊÅÏÌÆ£Ý:Ú£ÂÄTÂÍÆ£ÝÇﬃÆŁÊNÄ¹ìÉÐÇﬃÉÀ7æÂÍëﬃÂÁ´ÂÄ°Å ÆÇcÀ2æ-É-ÄeÆyÇD×LÛ ()Æ£Ü'æ"Æ£Ý ÀÝPÆRÚ9É #  ZÂÝJÄ¹ìÉ









 @' % ﬂ  !ﬂ/ 

ﬂ    - ﬂ 





























 @ ﬂ  ﬂ   -	 

ﬂ    - ﬂ 









|£© ﬁÏ¸¹|9³§³§|£©)«  2°¨©)«wsh
#
&




























































































































































































   1?  ﬂ'?    -A@CB ﬂ  @  -	 

ﬂ    - ﬂ 







 2    	 jlk]kﬃwwshkﬁ|9j	tŁ§J+k]t+³«§k JÎ  ﬂ%$'& "

&





g| ﬃ|jlu+wskﬁwshkﬁuk]{NÒP|9u»©ekht7¬9k"kRrywtŁÒ³§§rshkR²§ rsuÒrsk]ﬃws§|9 +µ µþ|9»w*hkﬁ©ª|9{rywH]t9rsk



























































¨cwsht£w`®r»wshkUw*«jlkawt k- Ò<x t9 kﬃw' w*|¾tŁ{*{s§¬9k#|9 |++k #5¨"§r»k <utŁ³
w*|Î
 !ﬂ , 

ﬂ





































w*«jlk»k]rw*t9Ò³§§rshk]§ rsuÒrsk]ﬃws§|9 +µ µþ+µ ¶·kJt9r*rsujlk²w*ht£wlw*h{sk]k`á
ç
































-|9{*kN{*|9uwsk-{)®rk<ut9³:ws| ¨­wshk"{*|+ﬃkRrsrs«w*«jlk"|9»tŁ%§9{*k]r*r £k-{skRrsrÐ{s|u+wsk]{)§rk utŁ³:ws|Ïµ
J|{sk]|£¬9k]{]¨©ekt9r*rujlkwshtŁw
ç
|£©DrH|ŁwcÒPk-³§|9« ws| wshk	áJ-³§trsrHkﬃv+§rwc« wshklÓH«ÔÑ¼­k-{*¬`+|Ł¯
j	t9«ÑµJghk jltŁv+«j2uj {s|+ﬃkRrsrs§%ws§jk²|Ł¸Dt»t 9kﬃwﬁ|9¸wshkRrk
ç
|£©DrtŁ{*k	k<ut9³Zws|#»|9at`-|9{*k





































































































































































|9j	tŁ§UÒ<x·|++k+¨5©)«wshtJPk-{*«|+#k<ut9³Zws| +/JtŁat»{s|+ﬃkRrsrs§%ws§jk |Ł¸)tŁ­x |9¸«w*rﬁt9 kﬃw*r
k <utŁ³5ws|+¨«wc©)«³§³ÒPk2t--k-+w*k]JÒ­x%wshkt9+jl®rsrs§|9`ﬃ|<ws{*|9³TµHghk-5¨w*hk2{*k]t9³5©ª|9{ryw0-t9rskﬁk]­¯Tws|Ł¯

















































«m 'µ &H|<ryw*|9³§|9P|9u³§|r]¨^Óµ^¶ §³§³«®tŁj	r]¨5¼:µ"tŁj	t£wR¨Ño"µ '0uk-{*§Ñ¨ &ﬁµ
ﬂ
{t¨^gcµ^zL{(-x­«k]t¨½DÆ7È
Ê*Æ£¿+ÄTÂÝ<Þ lÉÌìÀ£ÝÂ®æ æÀ£Ý:ÚªÈ+éÐÛ É*ØÄ±É-ÝæÂÍÆŁÝæ¨ZoD÷ %  ­6¨ &Du9urw"m ﬁ ﬁ ﬁµ





^é#ÇﬃÆ£Ê0ê'È+é ÄT¿+ÝÝ:ÉﬃÁþæ¨ ¦ <wsk]{sk-wD+{*tŁ¸w]¨ &Hu9urwNŁmµ
  "Ó2µ &'©D+uhk9¨ µ`t9³§-|9³§j%¨ µ1&D|99Òut¨+aµ
ﬂ
 ÓNk-³§³°¨µ`- tŁ­urs¶#t9¨HÉ-¿+ÂÊsÉ lÉ-ÝÄ°æÇﬃÆŁÊ
ÄTÊsÀ  ÌÉﬃÝ­ÞŁÂÝ:ÉÉﬃÊÂÝ­Þ²ÆŁË7É-Ê"è²éLêÈP¨LoD÷ % Ł¨'¼­k]+wsk]jÒPk-{"m
ﬁ ﬁ ﬁµ
  ﬁ¼^µ tŁ{*utŁhÑ¨+o"µH|£©ek]³«³T¨õLµoD|rs«k]{]¨
 













  ﬁ¼^µ ª³®t 9k¨Ó2µ e³®t9 :¨Zaµ %ªtŁ{*³§rs|9Ñ¨öDµ'ÓNt7¬­§k]r]¨	µ5¶UtŁ¨'¶µ¶#k-®rsr]¨
 
Ý À£Ê*Ì*ì+ÂÄ±ÉÌ-Ä°¿+ÊsÉ0ÇﬃÆŁÊ
ãÂ äHÉ-ÊsÉ-ÝÄTÂÍÀ£ÄFÉ*Ú	È:É-ÊË]ÂÍÌÉﬃæ¨ÐoD÷ % £+ +¨'ÓNk]ﬃk]jÒPk-{ﬁm
ﬁ ﬁµ
þ"oﬁµ ª{*t+k-Ñ¨Óµ %e³§t9{-:¨¼:µ¼­hk- 9k-{R¨ ÝÄ±É±Þ9ÊsÀ£ÄFÉÚ%æ-ÉﬃÊËRÂÍÌÉæ	ÂÝÄìÉ ÝÄ±É-ÊÝPÉ-Ä0ÀŁÊsÌì­ÂÄFÉ*Ì-ÄT¿+ÊsÉ *%À£Ý
ÆŁË7É-ÊËRÂÍÉﬃÜZ¨ªoD÷ %>m 9¨ 9uk	m ﬁ ﬁŁµ






 ﬁ "÷ªµ %eh§ursrsT¨2µ¼­§¬£tŁ{tŁj	tŁÑ¨
 
Ì*ì+ÂÍÉﬃËRÂÝ<ÞJì+Â´ÞRìà¿+ÄTÂÁÃÂ RÀ£ÄTÂÍÆ£Ý ÂÝ#Þ9¿À£ÊsÀŁÝÄFÉÉ*ÚJæ-ÉﬃÊËRÂÍÌÉæ Ý:ÉﬃÄTÜÐÆ£Ê *£æ
¿­æÂÝ­Þ²ÉÀ£ÊÁ´Å£åÚ9ÉÀ9Ú­Á´ÂÝPÉ-å .LÊæÄªæﬃÌìÉÚŁ¿+ÁÃÂÝ<Þ9¨
¦
¶¾ºN|<¼  ﬁ9¨NtŁP|¨%ªtŁ³§«¸¹|9{*§t¨Z`t7xJm ﬁ ﬁ9µ
§m] cõÐµ '0k-|{s§t+§r]¨^o"µ '0uq]{s§Ñ¨2µ^zk]{s®r]¨lµÑ¼­«¬£t9{*tŁ}tŁÑ¨Ï×  ÌﬃÂÍÉ-ÝÄNÝPÉ-Ä°ÜÐÆŁÊ *U½DÆ7È»Ù:ÊsÆ£ËRÂ®æÂÍÆ£ÝÂÝ­Þ
ëÀ£æﬃÉÚ	ÆŁÝÙÉ-ÊHÝ:Æ]ÚÉcÄ°Ê*À ÌNæìÀ*Ù:ÂÝ<Þ9¨
¦
öLöÐö 6& %ª g5{tŁr*t9ﬃws§|9rL|9 Dk-wy©e|{-­§¨Z|9³Tµ¨ H|µ
¨ &Duurwcm
ﬁ ﬁ µ
§m9m cõÐµ '0k]|9{*9k9¨'¼:µ"t9jl|9uÑ¨z'µJ§k-w]¨·ÛÐÂÊæÄ"ÌÆ lÉ .LÊæÄHæﬃÉ-ÊË£É*Ú *%æ-Æ6	É²ÊsÉæ¿+ÁÃÄ°æ)ÇﬃÆ£Ê Ê*É*ÀŁÁÃåFÄTÂlÉ





æ-Æ£ÁÃ¿+ÄTÂÍÆ£Ý#ÇﬃÆ£Ê·À Ú9É-Ä±É-Ê ÂÝÂ®æÄ°ÂÍÌ½DÆ7È ÂÝ ¿+ÁÃÄTÂlÉ-å
ÚŁÂÍÀJæÅ7æÄFÉ2æ¨ ¦ w*k-{*t£w*«|tŁ³ |9u{*t9³| %e|jlu+wsk]{ﬁtŁ ¦ +¸¹|{sj	t£w*«|#¼+-«k]ﬃk¨Z|³°µ§m9¨ N¨
¼+k-+w*k-jÒPk-{0Ł9m9µ
§m] cµ '0k]{s³®t¨#%Nµ#%ªtrk-wwsT¨+¼:µõ5k-k9¨#'µ­o)k]t9³«T¨HÉﬃæ-Æ£¿+ÊsÌÉcÀ£ÁÁ«ÆRÌÀ£ÄTÂÍÆ£Ý ÀŁÝPÚ	À9Ú 2Â®ææÂÍÆ£Ý ÌÆŁÝÄTÊsÆ£ÁæÄ°Å£Á«Éﬃæ
ÆŁÝà½DÆ7ÈJãﬁÂ ä)È:É-ÊËÝPÉ-ÄTÜÐÆ£Ê *£æ¨eºN|­¼<¯ ¦ z 99m¨+o)|9jlk9¨ ¦ wtŁ³§x9¨Ð99mµ
§m-  µ Hk-§tŁk]Ñ¨÷ªµ ªt 9k]{]¨£¶µŁ¶#k-®r*r-¨ µŁ¶#{*|­-³§t7©Dr-­°¨
 
ææ¿+ÊsÉÚNÛÆ£ÊÜÐÀŁÊsÚ£ÂÝ­Þcé # % ÞŁÊ*Æ£¿RÙP¨^oD÷ %
  ﬁ­­¨ 9uk	m ﬁ ﬁ ﬁµ
§m
 2µ <t9-|9Òrs|9Ñ¨lµ D®h|9³®r]¨ lµz'|++u{*°¨
 
Ý»×ZØﬃÙÉÚ£ÂÄFÉ*ÚlÛÆ£ÊÜÐÀ£Ê*Ú£ÂÝ<ÞÏé # %D¨ªoD÷ %   ﬁ¨ uk
m
ﬁ ﬁ ﬁµ
§m   µ)õÑk e|u+kRŁ¨Dz'µ)gh§{*t9Ñ¨
 
Ý:Æ£ÄFÉUÆ£Ý Ä°Â	ÉaÀ£Ý:Úàæ°ÙÀ9ÌÉ 	ÉﬃÄ¹ìÆRÚ7æ·ÂÝ Ý:ÉﬃÄTÜÐÆ£Ê * ÌÀ£Á§Ìﬃ¿+ÁÃ¿­æ¨






§m]  &µ'z't9{sk ­hÑ¨Zo"µ 'ctŁ³§³§t99k-{R¨
 
Þ<ÉﬃÝ:ÉﬃÊsÀŁÁÃÂ RÉÚ ÙPÊsÆRÌÉææ-Æ£Ê²æsìÀ£ÊÂÝ­ÞÀ*ÙÙPÊsÆRÀ9ÌìÄFÆ	()ÆŁÜVÌÆ£ÝÄ°ÊsÆŁÁeÂÝ
ÂÝÄ±É±Þ9ÊsÀ£ÄFÉÚlæ-É-ÊË]ÂÍÌÉﬃæcÝ:ÉﬃÄTÜÐÆ£Ê *£æ *NÄìÉ¿+ÁÃÄTÂ ÙPÁ«ÉÝPÆRÚ9ÉÌÀ7æ-Éﬃ¨
¦
öÐöLö & %ª g{tŁr*t9ﬃws§|9rª|9 Dk-w¯
©ª|9{­«¨ Z|9³Tµ ¨	N¨ &D{*«³Ðm ﬁ ﬁ9µ






















  99m¨ &Dh|9{tŁk9¨ &H³§tr £t¨ &H{*«³
99m9µ
þ9 lµPg«+k-³§³°¨ µ %e³®tŁ{P¨#ÆŁÁÃÂ®æÄ°ÂÍÌ2æ-ÌìÉÚ£¿+Á§À9ë-ÂÁÃÂÄ°ÅJÀ£Ý:À£ÁÃÅ7æÂ®æeÇﬃÆŁÊÚŁÂ®æÄTÊÂÍë-¿+Ä±ÉÚ	ìÀŁÊsÚ²ÊsÉÀ£ÁÃåFÄTÂlÉæÅ7æå
ÄFÉ æ¨"J®ﬃ{*|9{*|+ﬃk]r*rs|9{r)tŁ·J§-{s|{*|99{tŁjljl§¨DöÐu{s|jl§-{s| |9u{st9³°¨ Z|9³TµP¨:5µmm77¯
mRŁ¨ªm
ﬁ ﬁ9µ









Unité de recherche INRIA Rocquencourt
Domaine de Voluceau - Rocquencourt - BP 105 - 78153 Le Chesnay Cedex (France)
Unité de recherche INRIA Futurs : Parc Club Orsay Université - ZAC des Vignes
4, rue Jacques Monod - 91893 ORSAY Cedex (France)
Unité de recherche INRIA Lorraine : LORIA, Technopôle de Nancy-Brabois - Campus scientifique
615, rue du Jardin Botanique - BP 101 - 54602 Villers-lès-Nancy Cedex (France)
Unité de recherche INRIA Rennes : IRISA, Campus universitaire de Beaulieu - 35042 Rennes Cedex (France)
Unité de recherche INRIA Rhône-Alpes : 655, avenue de l’Europe - 38334 Montbonnot Saint-Ismier (France)
Unité de recherche INRIA Sophia Antipolis : 2004, route des Lucioles - BP 93 - 06902 Sophia Antipolis Cedex (France)
Éditeur
INRIA - Domaine de Voluceau - Rocquencourt, BP 105 - 78153 Le Chesnay Cedex (France)
  	


  
ISSN 0249-6399
